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Abstract
Power batteries of hybrid-power gas engine heat pump (HPGHP) often encounter frequent charge and discharge operations, which 
have an adverse effect on nature gas conversion efficiency of system. In order to improve the dynamic efficiency and economic
performance of HPGHP, this paper raises a coaxial HPGHP facility, which takes the LiFePO4 battery as the auxiliary power source 
to drive the compressor. Logic threshold control strategy is put forward to distribute power between the gas engine and battery 
pack. Test research was operated to verify the advantageous performance of LiFePO4 battery HPGHP. The results show that 
LiFePO4 battery HPGHP can achieve an obvious energy saving effect, especially in low-load condition and high-load condition. 
When compressor speed increases from700rpm to 2500rpm, COP decreases from 4.76 to 3.25, heating capacity increases from 
14.52 to 33.13kW. The maximum difference of LiFePO4 battery HPGHP and lead-acid battery HPGHP is respectively 13.2%, 
11.28% and 10.2% separately for engine thermal efficiency, gas-consumed rate, and energy conversion efficiency under the same 
load. In addition, reclaimed heat is tested and the result shows that LiFePO4 battery HPGHP is 11.82% lower than conventional 
nature gas heat pump (GHP).
© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the organizing committee of CCHVAC 2015.
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1. Introduction
Power battery as an important component of hybrid-power system, its matching and performance has a great 
influence on power and economy of whole system [1]. In hybrid electric vehicles (HEVs) technology, batteries often
encounter instantaneous power demand, thus they tend to perform frequent charge and discharge operations, which 
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have an adverse effect on battery life and energy conversion efficiency of system [2-3]. Similarly, HPGHP battery is 
always not fully charged and completely discharged, due to working modes switching used to regulate the frequent 
variation of external load [4]. According to the usage characteristic mentioned above, special requirements are 
proposed of HPGHP power battery, which includes high power charge-discharge capacity, high charge-discharge 
efficiency, and relative stability.
Nomenclature
Ndrive demand speed of drive system(rpm)
Nmin minimum speed of engine economic zone(rpm)
Nmax maximum speed of engine economic zone(rpm)
Tdrive demand torque of drive system(Nm)
Tmin minimum torque of engine economic zone(Nm)
Tmax maximum torque of engine economic zone(Nm)
SOClow the state of lowest charge of battery
SOChigh the state of highest charge of battery
SOC1 the state one of charge of battery
SOC2 the state two of charge of battery
P the heat transfer (kW)
Q WKHYROXPHIORZPVí
ȡ GHQVLW\NJPí
cp VSHFLILFKHDWFDSDFLW\N-NJƕ&í
Gr gas consumption (kg h-1)
G’r equivalent gas consumption (kg h-1)
hr ORZFDORULILFYDOXHRIWKHJDVN-NJí
Șf thermal efficiency of gas engine
Ș¶f equivalent thermal efficiency of gas engine
Șd motor efficiency
Șn inverter efficiency
Șg transmission efficiency of gearbox
Șfd transmission efficiency between the engine and motor
Șyg transmission efficiency between the gearbox and compressor
Șdg transmission efficiency between the motor and gearbox
Șfg transmission efficiency between the engine and gearbox
Șry Energy conversion efficiency
Ș'rc equivalent energy conversion efficiency
tH KLJKHUWHPSHUDWXUHRIKHDWH[FKDQJHUƕ&
tL ORZHUWHPSHUDWXUHRIKHDWH[FKDQJHUƕ&
Pf output power of engine (kW)
Py output power of compressor (kW)
Pd output power of motor(kW)
Nd speed of motor (rpm)
Td torque of motor (N m)
Pn heat transfer of indoor heat exchanger (kW)
Pi indicated power of compressor (kW)
Șm mechanical efficiency of the compressor
gr gas consumption rate (g (kW h)-1)
g’r equivalent gas consumption rate (g (kWh)-1)
Șbc battery charging efficiency
Șbf battery discharging efficiency
Qb rated capacity of battery
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Abbreviations
LiFePO4 Lithium iron phosphate batteries
COP coefficient of performance
GHP gas engine heat pump
HPGHP hybrid-power gas engine heat pump
SOC the state of charge
HEVs hybrid electric vehicles
Wang and Cai [5] have tested a parallel-type hybrid-power gas engine-driven heat pump system which use lead-
acid battery as the auxiliary power source to drive the heat pump, which shows that gas-consumed flow changes in 
280-340 g (kW h)װ1 and drive system thermal efficiency is maintained between 0.23 and 0.28 with the increasing 
compressor speed. Wang et al. [6] have established energy management scheme of lead-acid battery pack. Jiang [7]
has built model of lead-acid battery and conclude that the charging efficiency keeps above 0.9 when the charging 
current value is below 30A, while the average discharge efficiency is higher than 0.93 when the discharging current is 
less than 50A.
Table 1 shows performance comparison of three kinds of batteries mainly used in hybrid cars, which indicates that 
Lithium-ion battery is the best choice of HPGHP battery, owing to its high energy density, high power density, long 
cycle life and environmental friendliness. Within the Li-ion battery family, the LiFePO4 type has been considered to 
be one of the most suitable technologies for high-power automotive applications due to an attractive combination of 
safety, cycle and calendar life and performance [8-10]. Above all LiFePO4 battery has higher charge-discharge 
efficiency than lead-acid battery, as is shown in Figure 1. The average charge efficiency and discharge efficiency is 
respectively 0.968 and 0.971 of LiFePO4 battery, about 13.32% and 3.97% higher than lead-acid battery.
Table 1. Battery performance comparison
Battery type Specific 
energy(Wh/kg)
Energy 
density(Wh/L)
Specific 
power(W/kg)
Power 
density(W/L)
Cycle life
Lead-acid battery 20~50 65 40~70 120 500~700
NiMH battery 70~80 80~220 100~600 250~800 600~1200
Lithium ion battery 55~150 130~300 300~1500 400 600~1200
For a comprehensive, this paper builds a coaxial hybrid-power gas engine heat pump system which takes LiFePO4 
battery as the auxiliary power source to drive the compressor. Logic threshold control strategy which combines the 
economic zone of the engine with the SOC value of the LiFePO4 battery is adopted in this hybrid-power system. 
Experiment research is tested to analyze the power efficiency and economic performance of LiFePO4 battery HPGHP 
system. Advantageous performances of containing LiFePO4 battery technology with HPGHP are especially compared 
with the previous lead-acid battery HPGHP. 
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Figure 1. The charging-discharging efficiency curves of 
LiFePO4 battery and lead-acid battery at 50A.
Figure 2. Operating principle diagram of HPHP system based on LiFePO4 battery
2. Build of HPGHP System
2.1. Principle of HPGHP system based on LiFePO4 battery
Build of HPGHP system based on LiFePO4 battery is divided into three parts: power-driven system, heat pump 
system and heat reclaimed system. Figure 2 is the principle diagram of the hybrid-power gas heat pump system based 
on the LiFePO4 battery. The technical parameters of main devices utilized in the HPGHP system are shown in Table 
2.
Table 2. Technical parameters of main devices
device parameter value
Gas engine
type LJ276M
Speed range(rpm) 500-4800
Rated power(kW) 12.5
Motor/generator
type PMSM
Rated speed(rpm) 3000
Rated power(kW) 6
Rated torque(Nm) 20
LiFePO4  battery pack
type AJ-60V100Ah
Voltage level(V) 60
Capacity(Ah) 100
Rated current(A) 50
Connection type 1 parallel, 19 serial
compressor
type Bitzer 4UFRY
Volume(L) 0.4
Speed range(rpm) 500-2600
Rated speed(rpm) 1480
refrigerant R134a
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Motor drives compressor alone
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Figure 3. The flow chart of logic threshold control strategy
Test bed is operated under logic threshold control strategy, which combines the economic zone of the engine with 
the SOC value of the LiFePO4 battery to achieve the minimum gas consumption. There are five working modes of 
experimental condition: mode A, engine charges battery; mode B, motor drives compressor alone; mode C, engine 
drives compressor and charges battery at the same time; mode D, engine drives compressor alone; mode E, engine 
and motor drive compressor together. Figure 3 shows the flow chart of logic threshold control strategy as well as 
boundary conditions of each working modes. 
3. Test research and data processing of LiFePO4 battery HPGHP
3.1. Calculation of heat transfer 
Experimental data collected in this test are as follows: inlet and outlet temperature of indoor heat exchanger, 
outdoor heat exchanger, plate-type heat exchanger and flue gas heat exchanger; volume flow of the pump; evaporating 
pressure and condensing pressure; motor speed and motor torque, which can be read from PC software; SOC value, 
current and voltage of the battery, which can be read from battery energy management system. we can get heat transfer 
of all the heat exchangers using the following formula,
( )P H LP Q c t tU    (1)
3.2. Calculation of heat transfer
The output power of motor and compressor can be calculated from the following equations,
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Gas engine output power is related to the operating modes of the whole system. When HPGHP system operates in 
mode D, output power, gas-consumed rate, thermal efficiency of gas engine and the energy conversion efficiency can 
be calculated by the following formulas,
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When HPGHP system operates in mode C, the output power of gas engine should be calculated by two parts, the 
output power drives compressor of heat pump; another part of the output power drives generator to recharge the battery 
pack. Because the batteryÿs stored energy ultimately can be turned into the power to drive the compressor, so the 
energy change of the battery should be concluded in the calculation of the economic analysis of HPGHP system. The 
article uses the concept of equivalent output power of gas engine, equivalent gas-consumed rate, equivalent thermal 
efficiency of gas engine and equivalent energy conversion efficiency in the calculation process, which can be achieved 
by the following equationsˈ
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When HPGHP system operates in mode E, the power of compressor comes from two parts, the output power of 
gas engine, another part of the power is electrical energy which comes from battery pack. So, SOC value variation 
still should be taken into calculation of the economic analysis of HPGHP system. equivalent output power of gas 
engine, equivalent gas-consumed rate, equivalent thermal efficiency of gas engine and equivalent energy conversion 
efficiency are still applied to analyze power and efficiency of  HPGHP system, which is represented by the following 
correlations.
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4. Experimental results and analysis of LiFePO4 battery HPGHP 
4.1. Performance of heat pump
Due to experimental conditions, heating performance in winter was mainly tested in this experiment. The specific 
outdoor parameters of test condition are shown in Table 3. Five working conditions were respectively operated in this 
research to test energy conservation and emissions reduction effect of LiFePO4 battery HPGHP system. Performance 
of mode C, mode D and mode E were especially analyzed.
Table 3. Outdoor parameters of test condition
Outdoor dry bulb temperature Evaporating temperature Condensing temperature
9 ϨC -3ϨC 45ϨC
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Figure. 4. The relation of compressor speed, heating capacity and COP in three operation modes.
Figure 4 describes the relation between heating capacity, COP of heat pump and the speed of compressor. It can 
be seen that the heating capacity increases with increasing compressor speed but COP of heat pump decreases with 
the increase of compressor speed. With the increase in the speed of compressor from 700rpm to 2500rpm, both the 
heating capacity and COP show an approximately linear trend. As is shown in the figure, heating capacity increases 
from 14.52 to 33.13kW, while coefficient of performance decreases from 4.76 to 3.25.
4.2. Efficiency of power system
Due to the high charging-discharging efficiency of LiFePO4 battery, power system can save more energy than the 
lead-acid battery system, especially in mode C and mode E, which need high energy storage or release efficiency.
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Figure 5 shows Gas engine thermal efficiency curves of LiFePO4 battery HPGHP system and lead-acid battery 
HPGHP system. The engine thermal efficiency of both HPGHP systems in the all three modes increased firstly to a 
maximum value, and then decreases with the increasing compressor speed. The experiment results show that engine 
thermal efficiency of LiFePO4 battery HPGHP system reaches its maximum value approximately 0.268, 0.282 and 
0.291 when the system is operated in mode C, mode D and mode E. Compared with the corresponding value 0.235, 
0.277 and 0.27 of lead-acid battery HPGHP system, LiFePO4 battery HPGHP system can always keep the gas engine 
more effective than lead-acid battery HPGHP system in different loads. The average growth rates are respectively 
13.2%, 2%, and 7.6% in mode C, mode D and mode E.
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Figure 5. The relation between thermal efficiency of gas engine and 
compressor speed
Figure 6. The relation between gas-consumed rate and compressor 
speed
Gas-consumed rate is the ratio of the gas consumed flow and the out power of gas engine. From the mathematic 
formula of engine thermal efficiency ¨f and gas-consumed rate gr in third chapter of this article we can know that 
gas-consumed rate is inversely proportional to engine thermal efficiency. Figure 6 describes the relation between gas-
consumed rate and compressor speed of both LiFePO4 battery HPGHP system and lead-acid battery HPGHP system. 
Both curves decreased firstly to a minimum value and then increased with the increasing speed of compressor. 
Compared the minimum gas-consumed rate value 291 g(kWh)-1, 276 g(kWh)-1 and 268 g(kWh)-1 of LiFePO4 battery 
HPGHP system with the corresponding value 331 g(kWh)-1,  282 g(kWh)-1 and 288 g(kWh)-1 of lead-acid battery 
HPGHP system, we can conclude that using LiFePO4 battery as the auxiliary power source of power system can be 
more energy-saving. The average reduction rates of gas-consumed rate are respectively 11.28%, 1.66% and 6.56% in 
low-load region, medium-load region and high-load region.  
4.3. Economical performance analysis of LiFePO4 battery HPGHP system
This article mainly discusses the energy conversion and recovery of HPGHP to measure economical performance 
of the new system. Figure 7 shows the energy conversion efficiency curves of LiFePO4 battery HPGHP system, lead-
acid battery HPGHP system and conventional GHP system. All of the three curves have the same fluctuating trend 
with the increasing compressor speed in three working modes. The average energy conversion efficiency value of 
LiFePO4 battery HPGHP system is about 0.208, 0.203 and 0.162 in mode C, mode D and mode E. Compared with 
the corresponding average value 0.168, 0.2, 0.13 of conventional GHP system and 0.195, 0.2, 0.147 of lead-acid 
battery HPGHP system, the energy conversion efficiency of LiFePO4 battery HPGHP is about 24.02% , 1.55%, 24.55% 
higher than conventional GHP and 6.6%, 1.2%, 10.2% higher than lead-acid battery HPGHP under low-load condition, 
medium-load condition and high-load condition. 
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Figure 7. The relation between energy conversion efficiency and 
compressor speed
Figure 8. The relation between reclaimed heat and compressor speed
The hybrid-power gas engine heat pump system as a new gas-driven heat pump, it not only can save more gas 
energy, but also can retain another obvious advantage of conventional gas heat pump: energy recovery(Wang and Cai 
2013). Figure 8 displays relation between reclaimed heat and compressor speed of both HPGHP and GHP system. 
Heat reclaimed from jacket, heat reclaimed from exhaust and total reclaimed heat is closely related to the compressor 
speed. Conventional GHP reclaimed heat monotonically increases with the compressor speed, while HPGHP 
reclaimed heat has a reductive fluctuation when compressor speed is 1200rpm and1950 rpm, so HPGHP reclaimed 
less heat than traditional GHP. We can calculate that the average total reclaimed heat of LiFePO4 battery HPGHP 
system is respectively 12.43% and 10.2% lower than conventional GHP in jacket and exhaust heat exchanger. As a 
result, the total reclaimed heat of LiFePO4 battery HPGHP is 11.82% lower than GHP, owing to that the engine speed 
is lower than conventional GHP under high-load condition when gas engine and motor drives the compressor together.
5. Conclusion
(1)In this paper, a coaxial LiFePO4 battery hybrid-power gas engine heat pump system is built, operated under 
logic threshold control strategy and five working modes.
(2)Test research on COP, heating capacity, engine thermal efficiency and gas-consumed rate, were operated to 
verify the performance of heat pump and dynamic efficiency of power system of LiFePO4 battery HPGHP. 
Experiment results show that COP decreases from 4.76 to 3.25 and heating capacity increases from 14.52 to 33.13kW 
when compressor speed increases from 700rpm to 2500rpm; equivalent engine thermal efficiency reaches its 
maximum value approximately 0.268, 0.282 and 0.291 and equivalent gas-consumed rate reaches its minimum value 
about 291 g(kWh)-1, 276 g(kWh)-1 and 268 g(kWh)-1 when the system is operated in mode C, mode D and mode E.
(3)Economical performances of containing LiFePO4 battery technology with HPGHP are especially compared 
with the previous lead-acid battery HPGHP and conventional GHP. Equivalent energy conversion efficiency of 
LiFePO4 battery HPGHP is about 24.02% , 1.55%, 24.55% higher than conventional GHP and 6.6%, 1.2%, 10.2% 
higher than lead-acid battery HPGHP separately for low-load condition, medium-load condition and high-load 
condition. The total reclaimed heat is 11.82% lower than GHP under the same load. Obviously, LiFePO4 battery 
HPGHP can achieve an obvious energy saving effect, especially in low-load condition and high-load condition.
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